Raman spectroscopy is a most often used standard technique for characterization of different carbon materials. In this work we present the Raman spectra of polycrystalline diamond layers of different quality, synthesized by Hot Filament Chemical Vapor Deposition method (HF CVD). We show how to use Raman spectroscopy for the analysis of the Raman bands to determine the structure of diamond films as well as the structure of amorphous carbon admixture. Raman spectroscopy has become an important technique for the analysis of CVD diamond films. The first-order diamond Raman peak at ca. 1332 cm −1 is an unambiguous evidence for the presence of diamond phase in the deposited layer. However, the existence of non-diamond carbon components in a CVD diamond layer produces several overlapping peaks in the same wavenumber region as the first order diamond peak. The intensities, wavenumber, full width at half maximum (FWHM) of these bands are dependent on quality of diamond layer which is dependent on the deposition conditions. The aim of the present work is to relate the features of diamond Raman spectra to the features of Raman spectra of non-diamond phase admixture and occurrence of other carbon structures in the obtained diamond thin films.
Introduction
Diamond films can be grown using a variety of chemical vapor deposition (CVD) techniques. The most popular methods are: microwave plasma CVD (MP CVD), hot filament CVD (HF CVD), radio frequency CVD (RF CVD), laser induced plasma (LIP) and flame methods [1] .
Diamond is valued not only as a gem, but also technologically as an extraordinary material with unique physical, chemical, and optical properties. Due to its well-known high hardness, singular strength, high thermal conductivity, low coefficient of thermal expansion, chemical inertness, excellent optical transparency, and semiconductor properties, it has attracted intensive scientific studies and technological interest worldwide [2, 3] . * E-mail: miroslaw.szybowicz@put.poznan.pl Diamond is chemically inert and does not react with common acids even at elevated temperatures. A large number of industrial applications take advantage of diamond's excellent properties coupled with extreme strength and chemical inertness [4, 5] over other materials for harsh conditions [6] .
The optimization of control parameters of CVD growth process is a very important task to get diamond layer having properties suitable for specific application. In the HF CVD method we can distinguish 18 parameters, which control the growth process, among the others: the process pressure, temperature of filament, temperature of substrate, the reaction mixture gases, etc. [7] . The optimal process parameters require a lot of tests, which make possible to obtain a material with specific chemical and physical properties [7, 8] .
Raman spectroscopy is a basic tool for identifying different CVD diamond layers, thus, it is very helpful in finding the proper growth process 
Experimental

CVD diamond growth process
The diamond films with a thickness of about 1.5 µm, which are polycrystalline in nature, were deposited on silicon substrate by HF CVDtechnique. The filament operating at the temperature of 2300 K was placed 6 mm above the substrate. The mixture of methane vapor and hydrogen (from 1 % to 2.5 % of CH 4 in H 2 ) was used as a working gas. The parameters of the growth process were as follows: total pressure in reaction chamber: 6 kPa, substrate temperature: 1100 K and working gas flow rate: 100 sccm. In order to enhance the diamond nucleation density, the silicon substrate was scratched with diamond paste before the deposition process. After mechanical polishing with the diamond paste the substrate was washed in ultrasonic bath with methanol, chloroform and deionized water. The diamond film morphology has been studied by scanning electron microscope (SEM) JEOL JSM-820 operating at a voltage of 25 kV.
Raman measurements
All Raman spectra were recorded in air and at room temperature in backscattering geometry using Renishaw in Via Raman spectrometer. A tunable Ar ion laser was used as an excitation source of 488 nm. The laser beam was tightly focused on the sample surface through a Leica 50x LWD microscope objective (LWD -long working distance) with a numerical aperture (NA) equal to 0.5, leading to a laser beam diameter of about 2 µm. Spectral resolution was about ±2 cm −1 . The Raman scattering spectra of the diamond CVD layers were investigated in the spectral range of 1000 to 2000 cm −1 . All data collection were analyzed using Renishaw WiRE 3.1 software by curve fitting method. The mix of Lorentzian and Gaussian functions was applied. Raman spectra were analyzed in detail for 13 samples obtained in deposition processes at different concentrations of CH 4 working gas in the range of 1 % to 2.5 %.
Results and discussion
With the increasing interest in technological applications of diamond, there has been an increase in the need to produce high-quality synthetic diamond crystals and films. Raman spectroscopy provides a fast, non-destructive method of characterizing these materials and evaluating their quality. In order to understand Raman spectra of CVD diamond films it was necessary to understand the Raman spectra of diamond, graphite and amorphous carbon films.
Single crystalline diamond has a very simple Raman spectrum, with a single sharp peak at 1332 cm −1 attributed to F 2g symmetry mode [9] . In the case of high ordered pyrolitic graphite we observed graphite peak at 1575 cm −1 , which was attributed to the Raman active E 2g symmetry mode [10] .
Raman spectrum of amorphous carbon phase ( Fig. 1) is composed of two peaks: the first one in the range of 1320 to 1360 cm −1 , called D-band, and the second peak ranging from 1500 to 1600 cm −1 , called G-band. The D line appears from sp 2 hybridized carbon structure. The physical properties of amorphous carbon films strongly depend on the ratio of these two types of C-C bonds. The ratio of sp 3 /sp 2 carbon phases depends on deposition conditions and can be changed in a broad range from pure diamond to pure graphite.
The relative intensities of these vibrations vary depending on the crystallinity. The "G" peak corresponds to neighboring atoms moving in opposite directions perpendicular to the plane of the graphitic sheet. The "D" peak corresponds to atoms moving in radial directions in the plane of the graphitic sheet, similar to the breathing mode in benzene. The "D", disorder peak, appears as a result of dislocations in the lattice, deriving its name from the fact that they are "disorder-induced modes". As a result, the intensity of this peak relative to the "G" peak can be used to determine the degree of disorder in the sample. The structures of amorphous carbon phases depend on synthesis conditions and are reflected in their Raman spectra, i.e. the positions of D and G lines and their values of FWHM. Excellent review of Raman spectroscopy studies of amorphous carbon films has been done recently by Ferrari et. al. [11] and earlier by Schwan et. al. [12] .
The identification of pure diamond or pure graphite by Raman spectroscopy is very simple In general, CVD diamond films consist numerous small diamond microcrystals surrounded by graphitic or amorphous carbon phase, situated mainly at grain boundaries [13] . With the increase in the mixture of methane vapor and hydrogen (from 1 % to 2.5 % of CH 4 ) we observe decreasing grain sizes. Fig. 2 shows examples of SEM images of CVD diamond films morphologies for 1 % (a) and 2.5 % (b) CH 4 concentration of methane used as a working gas, respectively.
In such case one can expect that for polycrystalline CVD diamond, the contributions to Raman spectrum from both sp 3 and sp 2 hybridizations of amorphous carbon should be observed in the Raman spectra except the diamond Raman line. The resulting Raman spectrum of CVD diamond film, in comparison to pure diamond, has more complicated character as it is shown in Fig. 3 .
As it is clearly seen, the diamond Raman lines of all films are peaked almost at same positions but the G lines differ both in position and FWHM.
The Raman spectrum for CVD diamond films containing amorphous carbon phase includes overlapping peaks, and to resolve the bands it is necessary to apply some procedure. In the curve fitting procedure [1] , an initial guess is generally made for some peak parameters in the interesting spectra region, and then the peak parameters are optimized to give the best fit to the measured data. The parameters refer to a mix of Lorentzian and Gaussian functions, which are believed to represent the shape of a single band. Generally, five parameters are involved: the number of component peaks, their positions, shapes, half widths, and a baseline to allow for a background signal. In Fig. 4 it can be shown deconvolution of Raman spectrum of the CVD diamond films into diamond and amorphous carbon structure.
Such procedure allows us to characterize not only the diamond quality by FWHM of diamond Raman line but also the properties of amorphous carbon phase admixture by examination of G and D lines parameters, such as their maxima position and FWHM.
As it has already been mentioned the ratio of the intensity of the diamond peak to the intensities of the "D" peak to "G" peak (I D /I G ) can be used to estimate the amount of non-diamond phase, its crystallite size, thus, help to optimize parameters of diamond synthesis [14] . Lucchese et al. [18] proposed a three stage classification of disorders to simply assess the Raman spectra of carbons along an amorphization trajectory leading from graphite to tetrahedral amorphous carbon:
• stage 1: graphite to nanocrystalline graphite; Study of CVD diamond layers with amorphous carbon admixture by Raman scattering spectroscopy
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• stage 2: nanocrystalline graphite to low sp 3 amorphous carbon;
• stage 3: low sp 3 amorphous carbon to high sp 3 (tetrahedral) amorphous carbon.
In general, Raman spectra of amorphous carbon according to Ferrari et al. [11] depend on clustering of the sp 2 phase, bond-length and bond-angle disorder, presence of sp 2 rings or chains and on the sp 3 /sp 2 ratio. Ferrari et al. [15] suggested that the G band is attributed to some sp 2 sites either in C=C bonds or in aromatic rings, but the D band is due to the breathing mode of those sp 2 sites in the rings, and to the long-range disordered graphite structure of the films. However, an increase in the D band intensity does not indicate increasing disorder in the film structure but may indicate the presence of various structural modifications in the films and may be not visible in the Raman spectrum of the CVD diamond film.
The G band (in general observed in almost all CVD diamond films) is due to the downward shift of the 1580 cm −1 graphite peak, and usually occurs between 1500 and 1600 cm −1 , whereas the D-band generally, if it is visible in the spectrum, appears between 1320 and 1360 cm −1 [16, 17] .
In the present work we have analyzed 13 Raman spectra of CVD diamond films synthesized at different growth process conditions. Each Raman spectrum was deconvoluted into components as it is shown in Fig. 4 . but not the same FWHM which is much bigger in stage 2 [18] . Large values of FWHM of G-band, bigger than 90 cm −1 , and G-line maximum shifted from 1510 cm −1 to 1590 cm −1 with decreasing I D /I G ratios, indicate that amorphous carbon admixture in polycrystalline CVD diamond film has a structure described as stage 2 in the three stage amorphization model proposed by Ferrari et al. [11] .
The values of FWHM of G-bands indicate that in-plane correlation length L a within the ordered graphite layers is below 1 nm and increases with decreasing of FWHM according to the general rule that FWHM increases with disorder of the carbon structure [18] . Fig. 6 presents FWHM of G-band as a function of G-band peak position. We can observe a linear dependence between FWHM and Raman band position of the G-band (decrease of FWHM Raman G-band, and increase in energy of this oscillation). In this case, we observe an increase in the defects in the carbon structure. For stage 2, according to amorphization trajectory [11] , the distance L D between point defects increases as the ratio of I D /I G increases and amorphous carbon structure is improving [19] . It has also been found the correlation (Fig. 7) between the amorphous carbon structure described by the I D /I G ratio and diamond quality described by FWHM dia of diamond.
The relation illustrated in Fig. 7 clearly shows that diamond quality strongly depends on the amorphous carbon structure, i.e. the higher value of L D (L D ≈ I D /I G ) the better diamond quality (lower value of FWHM diam ) [19] .
Conclusions
The complexity of Raman spectra of diamond films with amorphous carbon admixture is discussed in this paper. The Raman spectroscopy is a useful nondestructive method to characterize different carbon structures, such as diamond, graphite and amorphous carbon. Structural analysis and knowledge of the carbon structure is an essential element related with the process for obtaining thin film structures of diamond by CVD method. Raman interpretation has to be performed with a great care due to the information being not visible at the first look, lost as a result of the very broad Dline and G-line features. This makes the determination of cluster sizes and distributions based only on Raman spectroscopy very difficult. Even using both the I D /I G ratio and the G-line width, only a crude estimate of cluster sizes can be elucidated. Extensive analysis of Raman spectral parameters allowed us to find new relevant parameters to characterize the structure of the diamond structure and correlate them with the technological parameters.
